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This paper establishes expectation and variance asymptotics for statistics of the Poisson-Voronoi
approximation of general sets, as the underlying intensity of the Poisson point process tends to
infinity. Statistics of interest include volume, surface area, Hausdorff measure, and the number
of faces of lower-dimensional skeletons. We also consider the complexity of the so-called Voronoi
zone and the iterated Voronoi approximation. Our results are consequences of general limit
theorems proved with an abstract Steiner-type formula applicable in the setting of sums of
stabilizing functionals.

Keywords: Combinatorial geometry, Poisson point process, Poisson-Voronoi approximation, ran-
dom mosaic, stabilizing functional, stochastic geometry.

1. Main results

The Poisson-Voronoi mosaic is a classical and prominent example of a random mosaic
and is used in a wide range of fields, including astronomy, biology, material sciences, and
telecommunications. If Py is a Poisson point process on @ := [—1/2,1/2]¢ whose intensity
measure has density Ax(-) with respect to the Lebesgue measure (d > 2, A € (0, 00) and
Kk is a continuous function on ¢ bounded away from zero and infinity), the Voronoi cell
v(x) := v(xz, Py) associated with = € Py is the set of all z € @ such that the distance
between z and z is less than the distance between z and any other point of Py. Clearly,
v(x) is a random convex polytope and the collection of all v(x) with & € P, partitions
@ and is called the Poisson-Voronoi mosaic of Q).

Let A C @ be a full-dimensional admissible set whose boundary has positive and finite
(d — 1)-dimensional Hausdorff measure. Admissible sets, formally defined in Section 2,
include in particular, convex sets, sets of positive reach, differentiable manifolds with
smooth boundary as well as certain finite unions of such sets. Given such A C @, the
Poisson-Voronoi approximation PV y(A) of A is the union of all Voronoi cells v(x) with
r €A, ie.,

PV.(4) := U v(x).

z€EPANA
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2 C. Thale and J.E. Yukich

Typically A is an unknown set having unknown geometric characteristics such as volume
or surface area. Notice that PV ,(A) is a random polyhedral approximation of A, which
closely approximates A as A becomes large. One might expect that the volume and surface
area of PV (A), respectively denoted by V) (A) and Sy (A), also closely approximate the
volume and surface area of A. Our first goal is to show that this is indeed the case,
though the surface area asymptotics involve a universal correction factor. For sets A
which are convex or which have a smooth boundary, first-order asymptotics have been
previously established in [9, 21, 25, 31]; second-order asymptotics for sets A having a
smooth boundary are given in [31], while [28] provides second-order inequalities in case
that A is a convex set. We extend the limit theory of these papers and obtain first- and
second-order asymptotics whenever A belongs to the more general class of admissible
sets. In particular we show that the variance asymptotics for V) (A) are proportional to
the k-weighted surface content of A, resolving a conjecture implicit in Remark 2.2 of
[25]. The approach relies on a general and far-reaching Steiner-type formula from [10],
together with stabilization properties of geometric functionals of the Poisson-Voronoi
mosaic.

In the sequel, we write f(A) ~ cg(\) for real-valued functions f and g and constants
¢ € [0,00) if /\ILH;O f(N)/g(A) = ¢. Throughout, we denote the s-dimensional Hausdorff

measure by H?, s € [0,00). Furthermore, we say that A contains a subset I' of differ-
entiability class C? with H4~1(T) € (0,00) if I' C JA is an open and twice differentiable
(d—1)-dimensional sub-manifold in R? in the usual sense of differential geometry. Finally,
for v € R we define the k-weighted surface content

Hﬁ}l(aA) = /aA w(x) A HA (da)

Observe that H{~!(DA) reduces to the usual surface content H4~1(9A) of DA if either
v =d and k is arbitrary or k = 1 and v € R is arbitrary.

Theorem 1.1. There are constants c1,co € (0,00) depending only on the dimension d
such that

EVy(A) = V(A) ~ ey A=d HHDA)  and ESy(A) ~ ¢y HE

K

21(04).
Moreover, there are constants cs,ca1,ca2 € [0,00) depending only on d such that
Var[Vi(A)] ~ ¢z A~ 71 719 4)

and
Var[Sy(A)] ~ A (ea Ml ) (04) + sty 1 (04)).

If A contains a subset T' of differentiability class C* with H~1(T') € (0,00), and if
k=1, then c3 and cq 1= ca;1 + ca2 are strictly positive.

Next, we turn to other metric parameters of the Poisson-Voronoi approximation, which
can be handled by our general set-up. To this end, for £ € {0,...,d — 1} denote by
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Poisson-Voronoi approximation 3

skely(PVx(A)) the union of all -dimensional faces belonging to (PV y(A)), the boundary

of PV, (4), and let Hg\e)(A) be the ¢-dimensional Hausdorff measure of skel,(PV(A)).
More formally, if F;(P) stands for the collection of /-dimensional faces of a polytope P,

then
aO@A):=5 3 1Oy.

z€Py  fEF,(v(2))
TEA  FCA(PVy(A))

Note that H;dil)(A) coincides with Sx(A) considered in Theorem 1.1.

Theorem 1.2. Let ¢ € {0,...,d — 1}. Then there are constants cs € (0,00) and
c6,1,C6,2 € [0,00) depending only on d and ¢ such that

EH\"(A) ~ es 7377 HI1(04)

and
Var[H\" (A)] ~ N =37% (g1 HISHOA) + co2 HIT L (0A)) .

If OA contains a subset T' of differentiability class C? with H*~Y(T') € (0,00), and if
k=1, then cg 1= ce,1 + c6,2 @5 strictly positive.

With the exception of Hio) (A), the number of vertices on d(PV(A)), we have investi-
gated only metric parameters of the Poisson-Voronoi approximation, namely the volume,
the surface area and the Hausdorff measure of lower-dimensional skeletons. On the other
hand, the combinatorial complexity of PV (A) is also of interest. For example, it is nat-
ural to ask how many ¢-dimensional faces (¢ € {0,...,d — 1}) belong to d(PV,(A4)). In
contrast to volume and surface area, combinatorial parameters of the Poisson-Voronoi
approximation have apparently not been studied in the literature. The general theory
developed in Section 2 allows us to investigate such parameters. To state the result,
for £ € {0,...,d — 1} we let fie)(A) be the number of ¢-dimensional faces belonging to

d(PV(A)). Note that f{”(4) = H”(4).

Theorem 1.3. Let £ € {0,...,d — 1}. Then there are constants c¢; € (0,00) and
cs1,Cs,2 € [0,00) depending only on the dimension d and on £ such that

E f7(A) ~ er N3 HEGH(0A)

and
1

Var[£{7 (A)] ~ N7 (c5.1 HIGHOA) + s 2 HIT 1 (04)).

If OA contains a subset T' of differentiability class C* with H*~Y(T') € (0,00), and if
k =1, then cg := cg1 + cg,2 15 strictly positive.
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4 C. Thale and J.E. Yukich

Next, we consider certain functionals of Voronoi cells intersecting only a part of the
boundary of A. Formally, given an admissible set A and Ay C 9 A such that HI™1(4g) €
(0, 00), define the Poissson-Voronoi zone PVZy(A4y) of Ay by

PVZy(4o) = |J o).
zeP)y
v(z)NAg#D

Given ¢ € {0,...,d — 1}, let f;\e)(Ao) denote the number of ¢-dimensional faces of
PVZ,(Ao). We emphasize that this construction is very similar to the construction of
a zone in a hyperplane arrangement, see [16]. Following these classical ideas we define
the complexity of PVZy(A4p) as Cox(A4p) = ]?io)(Ao) +...+ A)(\d_l)(Ao). The zone the-
orem in discrete geometry (see Theorem 6.4.1 in [16]) asserts that the complexity of a
zone of an arbitrary hyperplane arrangement is of surface-order. Our next result shows a
similar surface-order behaviour for the expectation and the variance in case of a random
Poisson-Voronoi zone.

Theorem 1.4. There are constants cg € (0,00) and c10.1,¢10,2 € [0,00) depending only
on d such that )
E Cox(Ao) ~ co N~ H ! (Ao)

and
VaI"[CO)\(Ao)] ~ /\17% (61071 ,Hi’_ol (Ao) + C10,2 Hi;é(Ao)) .

If Ay contains a subset I' of differentiability class C? with H4~1(I') € (0,00), and if
k=1, then c1p 1= c10,1 + C10,2 15 strictly positive.

Another application of our results concerns the iterated Poisson-Voronoi approxima-
tion, defined recursively as follows:

PV (4) ;= PV,(4) and PV{Y(4) := PV, (PV{""(4))

for integers n > 1 (note that the intensity used in the nth iteration is nA, where A > 0 is

fixed). By V)fn), Sg\n) and fﬁ’(n) we denote the volume, the surface area and the number
of ¢-dimensional faces (¢ € {0, ...,d—1}) of the nth iterated Poisson-Voronoi approxima-

tion, respectively. Moreover, by Hf\’(") we indicate the /-dimensional Hausdorff measure

of the ¢-skeleton of PVE\") (A), ¢ € {0,...,d}. Note that our construction of the iterated
Poisson-Voronoi approximation is close to that of so-called aggregate mosaics introduced
in [29]. The expectation analysis of functionals of the iterated Poisson-Voronoi mosaic
yields the following result. Variance asymptotics are less tractable and we shall omit
them. For simplicity, we shall assume that the Poisson point process P, is homogeneous
with k = 1.
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Poisson-Voronoi approximation 5

Theorem 1.5. Suppose that k = 1 and let ¢y and cy be the constants from Theorem
1.1, c5 the constant from Theorem 1.2, and cy; the constant from Theorem 1.3. Put
ni=1l4co+ci+...+c3 " for integers n > 1. Then

EV™ = V(A) ~ ¢1 o A in—l(aA)
ES{ — S(A) ~ caean A8 HILL (A),
( )~ ey con A! —ava ’Hi’el(aA),
E ff’( ~ cr o AT HIGH(D4).

Remarks. (i) Theorem 1.1 (related work). The set PV,(A4) was introduced in [13]

where it was shown that )\lim Vol(AAAy) = 0 almost surely, but only when d = 1.
—00

This almost sure limit was extended in [21] to all dimensions d > 1. When Py
denotes a homogeneous Poisson point process on R? having intensity ), we have
that V) (A) is an unbiased estimator of V(A4) (cf. [25]), which makes PV,(A4) of
interest in image analysis, non-parametric statistics, and quantization; see also
Section 1 of [13] and Section 1 of [9].

(ii) Invariance of limits with respect to geometry. The common thread linking our re-

(iii)

(iv)

sults is that the first- and second-order asymptotic behavior of our functionals are
geometry independent. By this we mean that the mean and variance asymptotics
are not influenced by the precise geometric structure of the given admissible set A,
but are rather controlled only by the x-weighted surface content of A.

The constants in Theorems 1.1 — 1.5. The explicit dependency of the constants
¢;,t > 1, in Theorems 1.1 — 1.5 on the dimension d and the parameter ¢ is given
explicitly in the general results of Section 2, especially the upcoming limits (2.16)
and (2.17). More precisely, let P°™ be a homogeneous Poisson point process on
R? of unit intensity and put R‘ffl = R4 x RT. Let

PV(RE) = U @

rePomAR-!

be the Poisson-Voronoi approximation of ]Rfi.fl. Then the general results show that
the expectation and variance asymptotics are controlled by the x-weighted surface
content of A as well as by the expected behavior of metric and combinatorial
parameters of the simpler object PV(R‘i‘l). Finding explicit numerical values for
the constants ¢;,7 > 1, arising in expectation and variance asymptotics is a separate
problem which we do not tackle here.

Extensions of Theorems 1.1 — 1.5. By Theorem 2.1 below, the expectation asymp-
totics in Theorems 1.1 — 1.5 may be upgraded to a weak law of large numbers
holding in the L!- and L2-sense.
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6 C. Thale and J.E. Yukich

(v) General surface-order results. Although Theorems 1.1 — 1.5 only deal with statistics
of the Poisson-Voronoi approximation, we emphasize that they follow from general
theorems (presented in Section 2 below) for general surface-order stabilizing func-
tionals. These general theorems are applicable in a wider context, establishing, for
example, expectation and variance asymptotics for the number of maximal points
in a random sample, as described in Remark (iii) after Theorem 2.2.

The rest of this paper is structured as follows. In Section 2 we make precise our
framework, in particular we introduce the class of admissible sets and score functions.
We also state there two general theorems which yield Theorems 1.1 — 1.5. Their proofs
form the content of Section 3, while Section 4 contains the proofs of Theorems 1.1 — 1.5.
Section 5 establishes the asserted variance lower bounds in Theorems 1.1 — 1.4.

2. Framework and general theorems

Let Py denote a Poisson point process on R? for some d > 2 whose intensity measure
has density Ak with respect to the Lebesgue measure on R¢, where A € (0, 00) but now
r is a bounded function on R? not necessarily bounded away from zero. Furthermore,
let A C R? be a closed set such that its boundary dA has finite (d — 1)-dimensional
Hausdorff measure. We consider in this section general statistics of the form

> &(x, Py 0A), (2.1)

TEP

where ¢ is a certain score function, which associates to a point = € P, a real number,
which is allowed to depend on the surrounding point configuration P, as well as on the
set A via its boundary 0A. To introduce a re-scaled version and to simplify notation we
use the abbreviation & (x, Py, 0A) := (A2, \/4Py, A/ 4(9A)) and define

HE(Pr,0A) = Y &x(x, Py, 04). (2.2)

TEP

The focus of this paper is on score functions which depend on the geometry of the set
A in that &(x, Py, 0A) decays with the distance of z to dA. Moreover, we require £ to
satisfy a weak spatial dependency condition.

To make the framework precise we first introduce terminology, including the collection
A(d) of admissible sets A C R? as well as the collection = of admissible score functions.
The reader may wonder about our choice of admissible sets. The admissible sets described
below have the attractive feature that their so-called extended support measures are ‘well-
behaved’ and satisfy a Steiner-type formula (2.3), which is a far reaching consequence of
the classic Steiner formula. This key formula, proved in [10], essentially replaces the co-
area formula applicable in the surface-order asymptotics of functionals of sets A having
a smooth boundary of bounded curvature [31].
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Poisson-Voronoi approximation 7

A Steiner-type formula. Let A C R? be a non-empty closed set and denote by
exo(A) the exoskeleton of A, that is, the set of all z € R%\ A which do not have a unique
nearest point in A. Then Theorem 1G in [8] says that % (exo(A)) = 0. Thus, H?-almost
every point z in R\ A has a unique nearest point in A, denoted by 7 (). The (reduced)
normal bundle N(A) C R? x S¢71 of A is given by

N(A) = {(m(az) ‘”“(x)> xR\ (A Uexo(A))} ,

Hlz = ma@)]

where here and below || - || stands for the usual Euclidean distance and S?~! stands for
the Euclidean unit sphere in RY. Lemma 2.3 in [10] implies that N(A) is a countably
(d — 1)-rectifiable subset of R? x S¥~! in the sense of Federer [7, Paragraph 3.2.14].
Let A be as above. The reach function of A is a strictly positive function on N(A)
defined as
§(A,z,n) :=inf{r >0:z+rn € exo(A)}

for all (z,n) € N(A). The reach of A is
reach(A) := inf{6(A,z,n) : (x,n) € N(A)}

with the convention that reach(A) = 400 if 6(A,z,n) = +oo for all (x,n) € N(A). The
set A is said to be of positive reach if reach(A4) € (0, +oc]. In particular, if A is convex,
then reach(A4) = +o00, and vice versa. We also remark that any compact d-manifold with
C?-smooth boundary has positive reach, cf. [10].

If A* denotes the closure of the complement of A, we see that N(0A) := N(A)UN(A*)
and we define the extended normal bundle of A as N (A4) := N(A) UTN(A*), where T
is the reflection map 7 : R? x S~1 — R4 x S~ (x,n) > (z, —n). Further, denote the
reach function of A in this context by 1 (4, -, -) € [0, +oc] and define the interior reach

function 6~ (A, x,n) := —§(A*,z, —n) € [~00,0] for (x,n) € R? x S4-1.
From Theorem 5.2 in [10] we know that for each A as above there exist uniquely
determined signed measures vy, ..., vq—; on R? x S4~1, the so-called extended support

measures of A, vanishing outside of N.(A), such that the Steiner-type formula

*t(Azn)

d—1 5
- j pd=i=t n)drv; .
/]Rd\aA f(z)dz jgowd—] /NE(A) /67 f(z+rn)dryj(d(z,n))  (2.3)

(A,z,n)

holds for any non-negative measurable bounded function f : R — R with compact
support. Here, for integers j > 0, w; = jr; := 2m9/2/T'(j/2) stands for the surface

content of the j-dimensional unit sphere. The signed measures vy,...,v4—1 encode in
some sense the singularities of the boundary of A. Although this is not visible in our
notation, we emphasize that the measures vy, ...,vy_1 depend on A.

Admissible sets. Following [10], we denote by

0T A :={x € dA: (x,n) € N(A) for some n € S¥~1}
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8 C. Thale and J.E. Yukich

the positive boundary of A and define Nor(A,z) := {n € S*! : (z,n) € N(A)} for
x € OT A. The normal cone at x € T A is then nor(A, z) := {an :a > 0, n € Nor(4,z)}
and we put

0Tt A:={xr €0t A:dim(nor(4,z)) =1}, (2.4)

where dim(B) denotes the dimension of the affine hull of a set B C R%. Clearly, 9T+ A4 is
the disjoint union of ' A and 9% A, where

OFA={xcdTA: card(Nor(A,x)) =k}, ke {1,2}. (2.5)

Let us recall from [14] that a closed set A C R? is called gentle if

(i) HI (N (A) N (B x S?71)) < oo for all bounded Borel sets B C R,

(ii) for H?!-almost all z € OA there are non-degenerate balls By and By containing x
and satisfying By C A and int(By) C R?\ A, where int(By) stands for the interior
of BQ.

These assumptions ensure, for example that H41(9A\0T A) = 0, cf. Equation (5) in [14].
The positive boundary of any closed subset of R? is (H~1, d— 1)-rectifiable [10] and thus
the boundary of every gentle set is (H9~1, d—1)-rectifiable, too. In other words, there are
Lipschitz maps f; : R9~! — R4, i =1,2,... such that H4~1(0A\ U;>1 fi(RT1)) = 0, see
e.g. [7, Paragraph 3.2.14]. In particular, at H%!-almost every = € A there is a unique
tangent hyperplane denoted by T, := T,,(0A).

Moreover, we recall from [14] that the extended support measures v; of gentle sets
have locally finite total variation measures |v;| for all j € {0,...,d — 1}. In particular,
|| (Ne(A)) < oo if A is compact.

We now define the class A (d) of admissible sets to be the class of compact sets A C R?
which are gentle, regular closed and satisfy HY1(0?A) = 0. (Recall that a set is reg-
ular closed if it coincides with the closure of its interior.) Here, the assumption that
H4=1(9?A) = 0 simplifies the structure of the measure v4_1, to be exploited later. Regu-
larity excludes sets with lower-dimensional ‘tentacles’ attached (e.g. a ball with attached
line segments).

The class of gentle and compact sets is rather general and the support measures v; of
such sets simplify to well known objects in special situations. We introduce the following
classes of sets:

e K¢ is the class of convex bodies in R?, i.e., compact convex sets A C R? with
non-empty interior,

e R is the convex ring, consisting of finite unions of convex bodies in R¢,

e M9 denotes the class of compact d-dimensional manifolds in R? with twice differ-
entiable boundary,

e P4 is the family of compact sets A C R? with positive reach having non-empty
interior,

o UP? denotes the class of all subsets A = A; U...UA, C R n > 1, for sets

Ay, ..., A, € P% and such that Nicr Ai € P for any I C {1,...,n}.
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These classes satisfy the inclusions: K¢ ¢ P4, K¢ ¢ R4, P4 c UP?, M?* ¢ P4 and R? C
UPL It A € K% then the extended support measures v; are related to the generalized
curvature measures of A considered in convex geometry, cf. [26]. A similar comment
applies if A € P? is a set with positive reach, for which curvature measures have been
introduced in [6]. In both cases it holds that 9T A = 9A. If A € K? then A satisfies
HI=1(9%2A) = 0. The set classes K¢ and P¢ only contain gentle sets. For the set classes R?
and UP? curvature measures are defined by additive extension, while for M? curvature
measures are defined via classical differential-geometric methods, see Section 3 in [10] for
a detailed discussion. Moreover, for sets A € UP? we have that H* (DA \ T A) = 0
(see [10, p. 251]). Furthermore, if A € R? is regular closed, then A is gentle according
to [14, Proposition 2]. Additionally, many UP%sets (namely those admitting a so-called
non-osculating representation) are gentle by Proposition 3 in [14].

Admissible score functions. We next consider the collection = of admissible score
functions. By this we mean the collection of all real-valued Borel measurable functions
&(x, X,0A) defined on triples (z, X', 0A), where X C R% is locally finite, z € X', A € A(d),
and such that & is translation and rotation invariant. By the latter two properties we
respectively mean that &(x, X', 04) = {(x + 2, X + z,0A + 2) and that {(z, X,0A) =
E(Wx,9X,9(0A)) for all z € RY, rotations ¥ € SO(d) and input (z,X,0A). If x ¢ X, we
abbreviate &(z, X U {z},0A) by £(z, X,0A).

We recall now the concept of a stabilizing functional which was introduced in [22, 23,
24] after earlier works [12, 15]; see also the surveys [27, 30]. Roughly speaking, a functional
stabilizes if its value at a given point only depends on a local random neighborhood and
is unaffected by changes in point configurations outside of it. Following [31] we need to
go a step further in the standard framework to account for the dependency of functionals
¢ € = on surfaces.

To make this precise, denote by B,(z) the Euclidean ball of radius r € (0,00) and
centre x € R? and by PP°™ a homogeneous Poisson point processes on R? of intensity

€ (0,00). Say that & € = is homogeneously stabilizing if for all 7 € (0,00) and all
(d — 1)-dimensional hyperplanes H, there is an almost surely finite random variable
R := R(&,PEom H) depending on &, PEo™ and H, the so-called radius of stabilization,
such that

£(0, 1™ N Bg(0), H) = £(0, (P N Br(0)) U A, H) (2:6)

for all locally finite sets A C Bgr(0)¢, where 0 stands for the origin in R?. Given (2.6),
the definition of ¢ extends to Poisson input on all of R?, that is

£(0,Prom H) = lim £(0,P2°™ N B,.(0), H).

r—00

Given A € A(d), say that £ is exponentially stabilizing with respect to the pair
(Py, 0A) if for all z € R? there is a random variable R := R(&, z, Py, A), also called a
radius of stabilization, taking values in [0, 00) with probability one, such that

Ex(z, PxN By-1/ap(x),0A) = &x(x, (Px N By-1/a5(z)) UA0A) (2.7)

imsart-bj ver. 2014/10/16 file: TYRev2.tex date: May 1, 2015



10 C. Thale and J.E. Yukich

for all locally finite A C R?\ By-1/ag(z), and the tail probability satisfies

1
limsup —log sup P[R(§,z, Py, 04) >1] <O0.

t—oo U A>0,z€R?

Surface-order growth for the sums (2.2) involves finiteness of the integrated score
Ex(@+rA~Yn, Py, 0A) over r € R. Thus, it is natural to require the following condition,
see [31]. Given A € A(d) and p € [1,00), say that £ satisfies the p-th moment condition
with respect to OA if there is a bounded integrable function G&? := G&P%4 : R — R*
with [*_rd=3(GSP(r))}/P dr < oo and such that for all 7 € R we have

sup sup  sup E|[&x(z 4+ A", Py Uz, 04)P < GSP(|r|). (2.8)
2€RIUD (z,n)EN(A) A>0

Given A € A(d), recall for H? l-almost all z € A that T, := T,(0A) is the unique
hyperplane tangent to 9A at x. For x € A, we put H, := To(0A — x). The score £ is
said to be well approzimated by Py input on half-spaces if for all A € A(d), almost all
z € OA, and all w € R4, we have

lim E ¢ (w, APy — ), XV YDA — x)) — E(w, \Y Py —x), H,)| = 0. (2.9)

General theorems giving first- and second-order asymptotics. The results as-
serted in Section 1 are consequences of general limit theorems giving expectation and
variance asymptotics for the statistics (2.2). We first describe the general theory and
then, in Section 4, show how to deduce the assertions of Section 1. The general limit
theorems given here extend Theorems 1.1 and 1.2 in [31] to the class of admissible sets
and they yield the first- and second-order asymptotics for statistics of other surfaces, as
discussed in Remark (iii) below.
For a score function £ € = we put

(€, 0A) == /M/OO E£(0 + sn, PEOS, RY) k(z) ds HO ! (da) (2.10)

where n is the unique unit normal at 0 with respect to R%1. We now state a general
result giving expectation asymptotics for sums of score functions. Let C(OA) denote the
set of functions on R? which are continuous at all points z € 0A.

Theorem 2.1. Let A € A(d) and k € C(OA). Suppose that & € Z is homogeneously
stabilizing (2.6), satisfies the moment condition (2.8) for some p € [1,00), and is well
approximated by Py input on half-spaces as at (2.9). Then for m € {1,2}, we have the
following weak law of large numbers:

lim A~=Y/4 gHE(Py 0A) = (€, 0A) in L™. (2.11)

A—o0
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Poisson-Voronoi approximation 11

Next, we turn to variance asymptotics and define for z,z’ € R? 7 € (0,00), and all
(d — 1)-dimensional hyperplanes H,

¢z, 'y PRom H) =K &(z, PR U {2'}, H)E(a!, PRom U {2}, H)
—E&(z, Prom H)E&(!, PPo™ H).

Moreover, define o(£,04) b

2(£,0A) = pu(€?, 0A)+
/ / / / S04 rn,p + sn; 772&1)1, RN k(z)2dsdrdpH™ (dx) .
o91A JRd—1

The following general result gives variance asymptotics for sums of score functions.

(2.12)

Theorem 2.2. Let A € A(d) and € C(DA). We assume that & € Z is homogeneously
stabilizing (2.6), exponentially stabilizing (2.7), satisfies the moment condition (2.8) for
some p € (2,00) and is well approzimated by Py input on half-spaces as at (2.9). Then

lim A~@=V/dVar[HE(Py, 0A)] = 0%(€,0A). (2.13)

A—00

Some of the applications presented in Section 1 require the limit theory for the non
re-scaled sums Zwe% &(z, Py, 0A). To state the result in this case, call a score function
& homogeneous of order v € R if for all a € (0, 00),

&(ax,aX,a(0A)) =a” &(z, X,04).
When ¢ is homogeneous of order v it follows that

> &, Pr,0A) = XV HE(Py,04).

TEP

Homogeneity, together with the distributional identity Py, 4 n(m)*l/ 4P, gives

(€, 0A) = / E£(0 + sn, PPo™ R ds / k() A HA (da)

—00 OlA
= / E£(0 + sn, Pro™, R ds - HEH(0A) (2.14)

and

o?(¢,04) = / E&*(0 + sn, Py, R ds / w(w) =2/ HA (d)
ItA

/ / / $(0 + rn, p + sn; Prom RO dsdrdp/ k(z)2~ 241 (da)
Rd—1

OtA
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12 C. Thale and J.E. Yukich

K,27

= / E£2(0 4 sn, Phom R4 ds - HESL (DA)
e o o (2.15)
+ / / / (0 + rn, p + sn; Pro™ R dsdrdp - ’HZ;}Y(BA) .
Rid-1 J—00 J —c0 ’

Consequently, with u(¢,0A) and 02(£,0A) as in (2.14) and (2.15) respectively, we have
under the conditions of Theorems 2.1 and 2.2 that

lim A~/ N (0, Py, 0A) = p(€, 0A) (2.16)
A—00
xEP
in L™ for m € {1,2}, and
lim A~(120/4Var Y " £(a, Py, 04) = 07(£,04). (2.17)
A—o0 o=

Remarks. (i) Convergence of random measures. The methods presented here also
yield expectation and variance asymptotics for integrals of the empirical measures

> a(x, Pr, 04)5,

TEP

against elements of C(0A) (here, 0, stands for the unit-mass Dirac measure at x).
The details of this extension are straightforward and may be found in e.g. [30],
which deals with volume-order asymptotics for sums of score functions.

(ii) Central limit theorems. Say that ¢ decays exponentially fast with respect to the
distance to 0A if for all p € [1,00) the function G defined at (2.8) satisfies

lim sup |u| = log GSP(|u]) < 0. (2.18)

|u|—o00
Let ®(-) denote the distribution function of a standard normal random variable. If
¢ € E decays exponentially fast as in (2.18) and if £ satisfies the moment condition

(2.8) with p = 3, then by Theorem 1.3 of [31], the statistics (2.2) satisfy a central
limit theorem

Hg(PA,ﬁA) — EHE(’PA,(()A)} _ ‘I)(x)’

/Var[HE(Py, 0A4)] <7l

sup P[
zeR

with rate function
r(A) = c(log N INE=D/d(Var[HE (P, 0A)])%/2,

where ¢ > 0 is a constant not depending on \. In particular, if 02(¢,dA) is strictly
positive, then r(\) = c(log \)3¢*+\~(@=1)/24_ This is the case for the examples in
Section 1, provided that x = 1 and that A contains a C2?-smooth subset with
positive H?~!-measure.
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Poisson-Voronoi approximation 13

(iii) Further applications of general results. Theorems 2.1 and 2.2 have applications to
statistics of surfaces going beyond those arising in Poisson-Voronoi approximation.
For instance, these general theorems provide the limit theory for functionals of
surfaces of germ-grain models, including for example the limit theory for the number
of exposed tangent points to Boolean models, as described in Section 3.2 of [19].
Another application of the general theory involves the number of mazimal points in
a sample, which goes as follows. A point « € Py, is called maximal if the Minkowski
sum (R )¢@z contains no other point of Py besides z, i.e., if (R} )?®x)NPy = {z}.
The number M), of maximal points of P, has attracted considerable interest in the
literature, see [1, 2, 3, 5, 11, 31]. These works restrict to domains A that are either
piecewise linear, convex or smooth. We may use Theorems 2.1 and 2.2 to unify
and extend these results to domains A which are admissible sets, as illustrated
by the following statement, whose proof follows from modifications of the proof
of Theorem 2.5 in [31] and is left to the reader. Let x be a density supported on
A={(u,v) ERIxR:ueD,0<v< f(u)}, where D C R4t and f: D — R,
and assume that A is an admissible set, i.e., A € A(d). We further assume that the
partial derivatives of f exist a.e. and are bounded away from zero and infinity. If P,
is a Poisson point process whose intensity measure has density Ax with respect to
Lebesgue measure then there are constants ¢1; € (0,00) and ¢15 € [0, 00) depending
only on d, x and A such that

E M), ~ 011)\17% and Var[M,\] ~ 012)\17% .

3. Proofs of Theorems 2.1 and 2.2

To keep the paper self-contained, we give three preparatory lemmas pertaining to the
re-scaled scores {x, A > 0. These are re-formulations of Lemmas 3.1 — 3.3 in [31], which
we adopt to our more general set-up. The following lemmas do not require continuity of
# but instead use that a.e. z € R? is a Lebesgue point of &, that is to say

1
k. /B ) @]y

cd

tends to zero as € | 0. Given z € 9'A, with 9'A defined at (2.5), recall that H, :=
To(0A — x) is the unique tangent hyperplane to A — z at 0 with unit normal n(z). Let
0. denote a point at the origin of H,.

Lemma 1. Fiz A € A(d). Assume that £ is homogeneously stabilizing as at (2.6),
satisfies the moment condition (2.8) for some p € (1,00) and is well approzimated by Py

input on half-spaces (2.9). Then for all x € O'A, w € R, and r € R we have

/\lim Eéx(x + A" Yin(z) + AV, Py, 0A) = E£(0, + rn(z) + w,PEE’f)‘,HI) . (3.1
—00
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14 C. Thale and J.E. Yukich

Lemma 2. Fiz A € A(d). Assume that £ is homogeneously stabilizing as at (2.6),
satisfies the moment condition (2.8) for some p € (2,00), and is well approzimated by
Py input on half-spaces (2.9). Given x € 0'A, v € RY, and r € R, we put for A € (0,00),
Xy :=&(z+ r)\_l/dn(x), PrU{z+ r)\_l/dn(x) + A_l/dv}, 0A),
Yy =&i(z+ rx\fl/dn(x) + A" Vdy Py U {z + T)\fl/dn(a:)}, 0A),
X :=£(0, + rn(x),PE?;‘)l U{0, + rn(x) + v}, Hy),
Y :=£(0, +rn(x) + U,P,EE);‘ U{0; +rn(x)}, Hy) .

Then lim E[X,\Y3] = E[XY].
A—00

Lemma 3. Fiz A € A(d). Let € be exponentially stabilizing as at (2.7) and assume the
moment condition (2.8) holds for some p € (2,00). Then there is a constant C' € (0, 00)
such that for all w,v € R? and \ € (0,00), we have
|E§>\(w, PrU{w + Afl/dv}, OA)EN(w + AV PyU {w}, 0A)
—E&\(w, Px, JAE & (w + A%, Py, 04)|
< C(E&x(w, Py U {w + A9}, 04)P) 1P
X (E&x(w 4+ A%, Py U {w}, 0A)P)/P exp(—C7Y|v]).

In particular, there is a constant ¢ € (0,00) such that if w = x +rA~"4n(x), then

|E&x(w, PrU{w + AVdpY, 0A)EN (w4 A%, Py U {w}, DA)
—E&\(w, Px, JAEE (w + A%, Py, 04)| < cGEP([r]) /P exp(—c 7 v]) .
Proof. The first asserted inequality follows as in either Lemma 4.2 of [20] or Lemma

4.1 of [4]. The second assertion follows from the first assertion together with the moment
condition (2.8). O

Given these auxiliary lemmas, we may now prove the general results.

Proof of Theorem 2.1. To show (2.11), it is enough to show the expectation asymp-
totics
lim A~@D/AE N g (2, Py, 0A) = p(€, 0A) (3:2)

A—00
TEP

and then follow the method of proof of Theorem 1.1 of [31] to deduce L™-convergence
for m € {1,2}.
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Poisson-Voronoi approximation 15

To show (3.2), we first apply the Mecke identity [26, Theorem 3.2.5] for Poisson point
processes to obtain

A~@-D/d g Z E(x, Py, 04) = Af(d*l)/d/ E&x (w, Py, 0A) Ak(z) dx

TEP Rd
= Al/d/ E&y(z, Py, 0A) k(z) dx;
Rd

recall that we write &) (z, Px, 0A) instead of &)\ (z, Py U {z},0A) if © ¢ Px. We now use
the Steiner-type formula (2.3) to re-write the last integral as

)\l/dzwd j/ / rd=I7VEEy (@ 4 rn, Py, DA) k(x + rn) dr v;(d(z, n)),
J 0 wn

where for fixed (z,n) € N.(A), T(z,n) := [0~ (A4,z,n),5" (A, z,n)]. Upon the substitu-
tion 7 = A~ '/4’ we obtain that A\~(¢=1/¢ E > wepy (@, Py, 04) equals

d—1
deﬂ.)\—(d—l—j)/d/ / (r/)d—j—l Eéx(z + )\_l/dr’nﬂ?,\,aA)
7=0 Ne(A) AV 4T (z,n)

x k(z + A"V n) dr' vi(d(x,n)) .

(3.3)

To simplify the notation, write r for /. By the moment assumption (2.8) with p = 1,
we conclude that, for each j € {0,...,d — 1}, the integrand is bounded by the product
7|77 =L GEL(|r]) ||k oo, implying that

/ / rdIT Y RE, (2 + A" Y0, Py, 0A) k(z + A~ Y4 n) drvj(d(z, n))
e (A) JAV AT (z,n)

< [ e el el dr gl )
N.(A) J -0

oo

— 1o 5] (N (4)) / ra=3=1 GEL(|r))) dr

— 00

The integral [~ rd=9=1G&1(|r|))dr is finite by assumption. Moreover, [|x[| < co by
assumption and |v;|(Ne(A4)) < oo since A € A(d). Consequently, taking the limit in (3.3)
as A — 00, it follows by the dominated convergence theorem that only the term j = d—1
remains:

lim A~"D/AE N ¢ (2, Py, 0A)

A—00
TEP

= 2/ / hm E&x(z + A~ Yy , Py, 0A) (34)
x k(z 4+ X"Yen)1(r € NV (z,n)) drvg_i (d(z,n)) .
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16 C. Thale and J.E. Yukich

Here, we use the identity w; = 2 and we also use that )\lim AT (z,n) = (—00,00), which
—00

holds by construction of N.(A), where the exoskeleton has been excluded. By continuity
of k on 0A, we have )\lim w(x + A" n) = k(z). Finally, consider the limit
—00

lim Eéx(z 4+ A~ Y% n, Py, 0A).
To identify it, we use translation invariance and the definition of &), and write
Ex(z + A_l/drnﬂ%\ﬁA) =&, (0, + AN Ydpp, Py — 2,04 — x)
= (0, +rn, NPy — 2), \VYOA - 2)).

The measure v4_1 concentrates, according to the discussion around Proposition 4.1 of
[10, Section 4], on the subset AT of the boundary A where the normal cone is one
dimensional; recall (2.4). Moreover, since A € A(d), the measure v4_1 in fact concentrates
on the subset 9*A C 97T A (see (2.5)), that is to say, on points of the boundary having
a unique normal vector or tangent hyperplane as in the case of a smooth surface.

Since ¢ is well approximated by input on half-spaces, Lemma 1 implies for all (z,n) €
N(A) with 2 € ' A, that the expectation of the latter expression converges to

lim E&(0, +rn, APy = 2), AV DA - 2)) = BE(0, + rn, PR, Ha) .
Thus, we obtain from (3.4),

lim A~"DE N " g, (2, Py, 04)

A—00
€PN

o (3.5)
= 2/ / E¢(0, + rn,PEf’;)‘, 2) k() drvg—1(d(z,n)).
N.(A) J -0
Now, we simplify the last integral and show that it coincides with u(€,0A), as given
in (3.2). First, recall that there is a unique unit normal vector n(x) at each x € 9* A and
define a measure p4—1 on N(A) by

1
paa() =5 [ Almnla)) € )M da).
oA
Since A € A(d) it follows by Corollary 2.5 and Proposition 4.1 in [10] that

paa() =g [ 1 € ) Holam) H7 A ),

where Hg(xz,n) is a certain function depending on the so-called generalized principal
curvatures of A, see Equations (2.13) and (2.24) in [10]. Next, write

/ F(@r,m) vas (2, n)) = / £(,m) prar (d(z, )
Ne(A)

N(A)

T / £ (@,m) pa (d(z,m)) — / F(on) pas (d(z )
T(N(A*)) N(A)NT(N(A*))
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Poisson-Voronoi approximation 17

According to the discussion before Theorem 5.2 in [10], given a measurable function f on
R? x S~ we can split the integral over N.(A) in (3.5) into three parts. The projection
map 7 : N(A) = R%, (z,n) — z has Jacobian also given by Hy(z,n) for H¢~-almost
all (z,n) € N(A), see [10, Section 3]. Combining these facts with the area formula [7,
Paragraph 3.2.3] applied to 7; in each of the three resulting integrals, which can be
combined to a single integral over O' A, we find that

/ / E£(0, + rn, PR, Ha k() dr va—1(d(x,n))
-(A)
/c’)lA/ E£(0, + (), PEET)I, 2) k(z) Ho(x,n(x)) Ho(x,n(.r))fl dT/del(dx)

hom d—1
/61A/ E&(0, + rn(z), Petsy, Hy) k(z) dr HY ' (da)

where we also have used the explicit representation of the measure py—1 as well as the
fact that H4~1(QATT \ 9'A) = 0, which holds because A € A(d). Since ¢ is invariant
under rotations we may replace H, by R¢! and 0, + rn(z) by 0 + rn to obtain (3.2)
from (3.4), as desired. U

Proof of Theorem 2.2. Applying the Mecke formula for Poisson point processes we
get

A0 [HE(Py, 9A)] = XV / E¢,(2. Pa, 04)%(x) da (36)
)\1+1/d/ / I k(x)k(w) dwdz ,
R4 JRd

I == E&(z, Py U{w}, 04)6x(w, Pa U {z}, 04) — E& (2, Pr, OA)E &\ (w, Px, 04) .

where

The proof of Theorem 2.1 shows that the first integral in (3.6) converges to

/ /OO E&(0,, + rn(x),P:f’g,Rdﬂ)z r(z) dr HOH(dz) = p(€?,0A).
o1A oo

To complete the proof we show that the second integral in (3.6) converges to the quadru-
ple integral in (2.12). We re-write the integral with respect to x according to the general-
ized Steiner formula (2.3), using the notation already introduced in the proof of Theorem
2.1. Furthermore, for all (x,n) € N.(A), let H(x,n) denote the hyperplane orthogonal
to n and containing x. Given (z,n) € N.(A), we re-write the integral with respect to w
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18 C. Thale and J.E. Yukich

as the iterated integral over H(x,n) and R. This gives

)\H'l/d’/ / I k(x)k(w) dedw
R JRY

d—1
_ )\1+1/dzwd_j/ / / / pd=1-3
(z,n)ENC(A) JreT(x,n) JveH (xz,n) J s€R

X k(z +rn)k((z 4+ rn) + (v+ sn)) dsdvdry;(d(z, n))

with Is equal to

Eé&i(x+rn, PaU{(x +rn) + (v+sn)}, 0A)n((z + rn) + (v + sn), Py U {z + rn},0A)
—E& (x4 rn, Py, 0A)EE((x +1n) + (v + sn), Py, 0A).

We change variables by putting s = A\=%/4s’ r = A=Y/ and v = A\='/%/. This trans-
forms the differential \'*1/¢ dsdvdrv;(d(z,n)) into

ds'dv'dr'v;(d(z,n)), je{l,....,d—1}
and I, into I3 given by

Iy = E&n(x 4+ A" Y9, Py U {(z 4+ X" Ye'n) + (A V' 4+ X"Vds'n)}, 0A)
X Ex((z + A"V ) + ANV 4 ATV n) Py U {x + A"V 0}, 9A)
—Eén(z+ AV n, Py, 0AEE((z + A Y% n) + (A9 + A~V ds'n), Py, 0A).

To simplify the notation we shall write s, r and v for s’, ' and v’, respectively. Then

/\1+1/d/ / I k(z)k(w) dedw
Rd JRd

d—1
_ Z)\_(d_l_j)/dwd—j/ / / /rd—l—j I,
=1 Ne(A) SNV AT(z,n) J H(z,n) JR

x k(z + A"V k((x + A" Yen) + (A Y4 4 X7V 4sn)) dsdudry(d(z, n)) .
(3.7

By the second part of Lemma 3, the factor |I3] in (3.7) is dominated uniformly in A by
an integrable function of (z,n) € N.(4), s € R, v € H(z,n) and r € R. More precisely,

|I3] < cGEP ()P exp (= ¢/ o]]2 + 52)
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Poisson-Voronoi approximation 19

where the constant ¢ is independent of all arguments. Thus for each j € {1,...,d — 1},
we have

oL e 75
N (A) JAYaT(z,m) J H(z,n) JR

x k(z + A" Yen)k((z + A"Ye9n) + AV 4 X"V 4n))) dsdodry; (d (e, n))‘

< cllnll% / / / / P GEP ()P exp(—c /ol 57)
Ne(A) J —co JRA-1 JR

dsdvdry;(d(z,n))

< el ey [ [ G exp(oe P 5?) dsdudr

Notice that |vj|(Ne(A)) and the triple integral are finite by the assumption that A € A(d)
and the moment condition (2.8), respectively. As in the proof of Theorem 2.1 we have
lim AT (x,n) = (—o0,00). Taking the limit, as A\ — oo, in (3.7) and applying the

A—00
dominated convergence theorem, we see that only the term ;7 = d — 1 remains. By

Fubini’s theorem and Lemma 2, this gives

A—00

lim )\1+1/d/ / I k(z)k(w) dedw
Re JRd

o) (o)
= 2/ / / / (0, +rn, v+ sn; PL‘E’;’)Z R4 k(2)% dsdrdovg_1 (d(z,n)) .
Nc(A) JRI=1T J—o0 J —o0

We can now use the same arguments as in the proof of Theorem 2.1 to show that the
integral reduces to the quadruple integral in (2.12). This yields (2.13), as desired. O

4. Proof of Theorems 1.1 — 1.5

We shall deduce Theorems 1.1 — 1.5 from the general Theorems 2.1 and 2.2. In each case
it suffices to express the relevant statistic as a sum of score functions and to show that
the score function satisfies the conditions of the general theorems. We anticipate that the
expectation formula (2.10) could be evaluated explicitly for some of the score functions
described below. The proof of the positivity of the constants appearing in the variance
expressions is postponed to Section 5.
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20 C. Thale and J.E. Yukich

Proof of Theorem 1.1. We first prove the asserted results for the volume functional
Vy(A), with A € A(d). For locally finite ¥ C R%, = € X, define the score

Vol(v(z) N A°)  ifv(x)NOA#£D, z€ A
Wz, x,04) == —Vol(v(z)NA) ifv(z)NIA#D, = e A° (4.1)
0 if v(z)NOA =10,

where v(z) := v(x, X) is the Voronoi cell of « based on the point configuration X. In view
of the limits appearing in our main results we also need to define scores on hyperplanes,
i.e., on R41. We thus put

Vol(v(z) N Rff__l) if v(z) "R #£ 0, z e R
W (2, X, RTY) = ¢ —Vol(v(x) NREY)  if v(w) NRITI£0, x e RET (42)
0 if v(r) NRI=1 =0,

where we recall RZ™! := R%"! x [0,00) and RZ! := R4 x (—00,0]. These definitions
ensure that

Va(A) = Vol(4) = 3 ¢W(a, Py, 04) =271 Y €V (x, Py, 04),

hASYEN RASYEN

where we use that £(1) is homogenous of order d. We wish to deduce the volume asymp-
totics for V) (A) by applying the limits (2.16) and (2.17) with v = d and with & set to
€M) Tt suffices to show that the score £ is homogeneously stabilizing (2.6), exponen-
tially stabilizing as at (2.7), satisfies the moment condition (2.8) for p = 1 and some
p € (2,00), and is well approximated by P, input on half-spaces as at (2.9). The first
three conditions have been established several times in the literature; see the proof of
Theorem 2.2 of [31].

To show that (1) is well approximated by Py input on half-spaces as at (2.9), it suffices
to slightly modify the proof of the analogous result in Theorem 2.2 of [31]. For the sake
of completeness, we provide the details as follows.

By definition of A(d), almost all points of A belong to d'A and it so suffices to
show (2.9) for a fixed y € 9' A. Translating y to the origin, letting P denote a Poisson
point process on RY, letting A denote A — y, and using rotation invariance of £, it
is enough to show for all w € R that

Jim B 60 (w, \VIPy AV 0.4) — €0 (w, NPy R =0,
— 00

where R4~! is the unique hyperplane tangent to A at the origin. Without loss of gener-
ality, we assume, locally around the origin, that 9A C R4, Fix ¢ > 0 and w € R%. We
note that there is a constant L € (0, 00) such that

sup(E [€M) (w, AV 9Py, X494 )2 < L
A>0

and

sup(E [€M) (w, AV9Py , RITH)V/2 < L.
A>0
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Poisson-Voronoi approximation 21

Let o(w,A\/?Py) be the union of v(w, A\'/4Py) and all the Voronoi cells adjacent to
v(w, \Y¥Py) in the Voronoi mosaic of Py. For all r € (1,00) consider the event

Er(\ w,r) := {diam(d(w, \Y¥Py)) < r}, (4.3)

where diam( - ) stands for the diameter of the argument set. Lemma 2.2 of [18] shows there
is 1o := 79(e, L) such that for r € [rg,00) and X large we have P(E;(\, w,r)¢) < (¢/2L)2.
It follows by the Cauchy-Schwarz inequality that

lim B |(€ (w, AV Py, A99A) — €0 (w, AV RTI)L(EL(N, w,m0)°) | < e

A—00

By the triangle inequality and the arbitrariness of ¢ it is therefore enough to show that

)\hm E |(£(1)(w7 Al/d,P/\a Al/daA) - 5(1)(1”7 /\1/de7 Rdil))l(El(/\v w, TO))| <e. (44)
— 00

By the way that y was chosen, 0 is a point in 9'A and thus has a unique normal vector.
We first assume w € R?!; the arguments with w € Rfl[l are nearly identical. Moreover,
we may assume w € \'/¢A for \ large. Consider the (possibly degenerate) solid

Ax(w) == Ax(w, 7o) == (REI\ AY94) N B, (w). (4.5)

Recalling that 0A is (H%~!,d — 1) rectifiable, it follows that almost all of A is contained
in a union of C! sub-manifolds of R? [7, Theorem 3.2.29]. Since 0 is a point of 9'A,
it follows that the maximal ‘height’ hy(w,rq) of the solid Ay(w,rq) with respect to
the hyperplane R?~! satisfies Allm ha(w,r9) = 0 for fixed w and 7 (see also the linear

approximation properties of rectifiable sets summarized in Chapter 15 of [17]). Hence
Vol(Ax(w,79)) = O(hx(w,rg) - rgfl)

and so for large A we have Vol(Aj(w, 7)) < e. On the event Ey (A, w,rg), the difference
of the volumes v(w, \Y/9Py) N AY9AC and v(w, A\V/4Py)NRE is at most Vol(Ay (w,7()).
Thus for large A we get

E (€M) (w, APy, A 40A4) — 1) (w, APy RITH)1(E (A, w,70))|

S VOI(AA(U),T())) S £,

which gives (2.9) as desired.

We now prove the asserted results for the surface area functional Sy(A). As in [31],
given X locally finite and an admissible set A C R%, define for # € X N A the area score
€@ (z,X,0A) to be the H?'-measure of the (d — 1)-dimensional faces of v(z) belonging
to the boundary of (J, cyn4 v(2) (if there are no such faces or if x ¢ &' N A, then put
€@ (z, X,0A) to be zero). Similarly, for z € X "R, put £€3)(z, X R* 1) to be the
H?L-measure of the (d — 1)-dimensional faces of v(z) belonging to the boundary of
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Usexnre—1 v(z), otherwise @) (x, X,R¥1) is zero. We note that ¢(?) is homogenous of
order d — 1 and that
S\ (A) = D P (w, Py, 04).
€PN
We wish to deduce the first- and second-order limit behavior of Sy(A) by applying the
limits (2.16) and (2.17) with v = d — 1 and with & set to £(2).

It is easy to see and well-known that the score £() is homogeneously stabilizing (2.6),
exponentially stabilizing (2.7), and satisfies the moment condition (2.8) for all p > 1; see
for example the proof of Theorem 2.4 of [31]. To see that () is well approximated by
P, input on half-spaces (2.9), it suffices to follow the proof of Theorem 2.4 of [31]. For
sake of completeness we include the details as follows.

Fix e > 0 and w € R? By the moment bounds on £® and the Cauchy-Schwarz
inequality, it is enough to show the following counterpart to (4.4), namely to show that

Jim E (€@ (w, XV 4Py, NG A) — €2 (w, AV 4Py RITINL(EL (N, w,70))| < Ce'/?,
— 00

(4.6)
where Ej(\,w,rg) is as at (4.3), and where, as above, the origin is a point of 9'A — y.
Define

Eo(A\w,r) := {AY4Py N Ay (w, ) = 0},

where Ay (w,rg) is as at (4.5). The intensity measure of \'/4P, is upper bounded by
[|£]|0o, vielding for large A that

P[Eo(A, w,70)°] <1 — exp(—|[#[oc VOl(Ax (w, 70))) < |[K]ooe , (4.7)

where we used that Vol(Ay(w,r)) < e.

The two score functions &) (w, \/4Py, AV/49A) and £ (w, \1/4P,, R4~1) coincide on
the event Ey (A, w,ro) N Eg(\, w,rg). Indeed, on this event it follows that f is a face of a
boundary cell of A\1/9 A, iff f is a face of a boundary cell of the Poisson-Voronoi mosaic
of R4, (If £ is a face of the boundary cell v(w, \'/4Py),w € A1/?A, then f is also a face
of v(z, \1/94Py) for some z € A/4Ac. If \V/4Py N A (w,79) = ), then » must belong to
Rfifl, showing that f is face of a boundary cell of the Poisson-Voronoi mosaic of R% 1.
The reverse implication is shown similarly.)

On the other hand, since

E [(5(2)(w,/\1/d79,\,/\1/d8A) — £ (w, AVIPy RITIN2L(EL (A, w, 7)) | = O(1),

and since by (4.7) we have P[Eg(\, w,70)¢] < ||£||oo€, it follows by the Cauchy-Schwarz
inequality that, as A — oo,

E (£ (w, NPy, A 40A) — €2 (w, AV 4Py, R L(Er (A, w, 7o)
= E (P (w, AV TPy, AV 99A) — €3 (w, ANV IPy, RITY)

(4.8)
X L(Er (A, w,m0))1(Eo(N, w,10))|

< O(|Illo0e) /2.
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Therefore (4.6) holds and so £(?) is well approximated by Py input on half-spaces as at
(2.9), as desired. O

Proof of Theorem 1.2. Let us first recall that the Poisson-Voronoi mosaic is a nor-
mal mosaic, see [26]. This means that with probability one each ¢-dimensional face in
skely,(PVx(A)) arises as the intersection of exactly d — ¢+ 1 Voronoi cells.

Now, given X locally finite, € X, and an admissible A C R%, define 5(3’2)(:10, X,0A)
as

3,0 o ! ¢
GO (z, x,0A) := T > H1O
FeFy(v(a)

FCA(PV(A))

and zero otherwise. Then,

HO(A) = Y €892, Py,04) = 17913 (2, Py, 04),
ﬁg} €PN
where we used that €39 is homogeneous of order £. We wish to deduce the first- and
second-order limit behaviour of H;Z)(A) by applying the limits (2.16) and (2.17) with
v = (£ and with ¢ set to B30,

The proof that £€(39) is homogeneously stabilizing (2.6), exponentially stabilizing (2.7),
and satisfies the moment condition (2.8) for all p > 1 follows nearly verbatim the proof
that £® has these properties. Indeed the radius of stabilization for €9 coincides with
that of £().

To see that £330 is well approximated by P, input on half-spaces as at (2.9), we
may follow the proof that £(2) is well approximated by Py input on half-spaces. Notice
that on the event Ej(\ w,70) N Eo(\,w, 7o), the scores €38 (w, \/4Py, A/?9A) and
£BO (w, \1/4Py , RI~1) coincide. As in (4.8) we obtain

E ‘(6(3’5) (’LU, Al/d,P)\a Al/daA) - 5(3’@ (w7 )‘l/d,PAv Rdil))l(El(Aa w, TO))|
- F |(£(3,Z)(w7Al/dp)\7>\1/daA) _ E(?),Z)(w’)\l/dp)\’Rd—l))
x 1(Ey (A w,70))1(Eo (A, w,m0))| < C(||k]|o08) /%

This gives that £ satisfies (2.9) as desired. O

Proof of Theorem 1.3. Given X locally finite, z € X, and A € A(d), let us define
the score ¢4 (x, X,0A) to be the number of (-dimensional faces of v(z) := v(z, X)
belonging to d(PV(A)). Define (49 (2, X R4"1) similarly. Then

)y =Y €9, Py, 04).

TEP

We shall show that £*9) satisfies the hypotheses of Theorems 2.1 and 2.2 and thus deduce
Theorem 1.3 from (2.16) and (2.17) with & set to £ and ~ set to zero (notice that &%)
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is homogeneous of order 0). For brevity write £®*) for £+ for fixed ¢ € {0,...,d — 1}.
Now, £ is homogeneously and exponentially stabilizing since its radius of stabilization
coincides with that for the volume score £(!) defined in the proof of Theorem 1.1. The
number N (z, Py) of f-dimensional faces of a Poisson-Voronoi cell v(x) has moments of
all orders and therefore the moment condition (2.8) holds because

|§§\4) (x4 A" Yirn, Py U{z},04)|
< NO(z 4+ A" Yrn, Py U {2}) 1oAY % + rn, AY9Py) N DA £ 0)

for (z,n) € N.(A). The expectation of the last factor decays uniformly fast in r, giving
that (%) satisfies the moment condition (2.8) for all p > 1.

The arguments in the proof of Theorem 1.1 showing that the surface area score £(?)
is well approximated by Py input on half-spaces extend to show that £ is likewise well
approximated by P, input on half-spaces. The guiding idea is that with high probability,
we have that f is a face of a Voronoi cell v(w) belonging to the Poisson-Voronoi approx-
imation of A'/¢(A —y) if and only if it belongs to the Poisson-Voronoi approximation of
Rffl. Indeed, this happens on the high probability event that the region ‘between’ the
boundary of the Poisson-Voronoi approximation of A and R4~! in the neighbourhood of
w, must be devoid of points, see the proof of Theorem 1.1. Thus £*9 satisfies all the
hypotheses of Theorems 2.1 and 2.2 and this concludes the proof of Theorem 1.3. O

Proof of Theorem 1.4. Given X locally finite, z € X, an admissible A C R
and Ag C 0A, put %9 (2, X, Ag) to be the number of ¢-dimensional faces of v(z) if
v(x) N Ay # 0 and zero otherwise. Define £ (z, X, R4~1) similarly. Now, put
d—1
5(5) (SU, Xa AO) = Z 5(572) (l’, Xa AO)
1=0

and notice that

Cox(Ao) = Y £¥)(x, Py, Ag).

TEP

We shall show that €9 satisfies the hypotheses of Theorems 2.1 and 2.2 and thus deduce
Theorem 1.4 from (2.16) and (2.17) with & set to £®) and ~ set to zero (notice that £(°)
is homogeneous of order 0). The score function £ is homogeneously stabilizing as at
(2.6), exponentially stabilizing as at (2.7), and satisfies the moment condition (2.8) for
all p > 1. This is because each €59 with £ € {0,...,d — 1} has this property. Also, since
each £ is well approximated by Py input on half-spaces for each ¢ € {0,...,d — 1},
it follows that £() enjoys this property as well. Thus &) satisfies the hypotheses of
Theorems 2.1 and 2.2, concluding the proof of Theorem 1.4. O

Proof of Theorem 1.5. We start with the iterated volume V/\(n). Conditioned on
PVE\I) the first asymptotic equivalence of Theorem 1.1 yields

E[WV® — Vv PV ~ e Ama 1 (a(pviY)).
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Taking expectations and recalling the equivalence E Sy(A) ~ caH?~1(0A), we obtain
EVY —V(A) ~ et A7 (e + DHTH(0A).

Next

3

EV’) —~v(4)=EE[V") —vP PV +EE [V - vV PV + EVY —v(4)
~ e NTT EHTYOA) + ey AT coHITHOA) 4 e XTI HITH(OA)
=C1 0272/\_%7{61_1(814) .

Recursively continuing this way proves the desired claim, namely
EV™ = V(A) ~ c1 con A~ HEL(DA).

The asymptotic equivalences for E Sg\n), EH f\’(n) and E ff\’(n) follow similarly. O

5. Variance lower bounds

We complete the proofs of Theorems 1.1 — 1.4 by proving positivity of the constants
appearing in the variance expressions. The assumption that A contains a C?-smooth
subset with positive (d — 1)-dimensional Hausdorff measure is essential for our following
arguments, but we conjecture that this condition can be relaxed. For example, in [28]
the author establishes upper and lower bounds on Var[Vy(A4)] for any compact convex
set A having non-empty interior, without additional smoothness assumptions. However,
it is unclear (to us) whether the methods of [28] extend to the more general class of
admissible sets A(d) as well as to the other Poisson-Voronoi statistics considered in
Theorems 1.1-1.4.

In what follows we use the standard Landau notation. More precisely, for two functions
f,9:]0,00) = R we write

- f = o(g) if for all ¢ € (0,00) there exists Ag > 0 such that for all A > ),

LFN] < elg(M)],
- f = O(g) if there exists ¢ € (0,00) and A9 > 0 such that for all A > Ao, |f(A)] <

clg(A)], and
- [ = Q(g) if there exists ¢ € (0,00) and A\g > 0 such that for all A > Ay, |f(A)| >
cg(A).

Positivity of ¢3 and ¢4. Positivity of ¢3 is shown in Theorem 2.3 of [31] and it remains
to consider c4. For this, recall that T' C A is C2-smooth, with H¢~1(T") € (0, 00). Recall-
ing A C Q, subdivide Q into cubes of edge length I()\) := (|AY?])~!. The number L(\)
of cubes having non-empty intersection with I' satisfies L(\) = Q(A(@=1D/4) a5 otherwise
the cubes would partition T' into o(A(¢~1)/?) sets, each of H4~'-measure O((A~1/4)4-1),
which when A — oo gives H?~1(I") = 0, a contradiction.
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We find a sub-collection Q1, ..., Qs of the L(X) cubes such that d(Q;, Q;) > 2/d1(\)
for all 4,5 < M, and M = Q(A@=1/4) where d(Q;,Q;) stands for the distance between
Q; and Q;. Rotating and translating Q;, 1 < i < M, by a distance at most (v/d/2) I(\), if
necessary, we obtain a collection @1, ceey é wm of disjoint cubes (with faces not necessarily
parallel to a coordinate plane) such that

o d(@ia@j) > VdI(\) for all i,j < M,
e ' contains the centre of each ();, here denoted z;,1 < i < M.

By the assumed differentiability of I, I' N @1 is well approximated locally around each x;
by the hyperplane T} := T}, tangent to I at x;. By the C?-assumption, the approximation
is uniform over all 1 < ¢ < M. Making a further rotation of th if necessary, we may
assume that T; partitions @); into congruent rectangular solids. Let T; coincide with the
hyperplane R4~1. Without loss of generality we assume dA C R?~! x (—o0,0], that is
O0A is ‘beneath’ T;.

We now exhibit a configuration of Poisson points Py which has strictly positive prob-
ability and for which Sy(A) has variability bounded below by Q(A~(@=1D/dH4=1(T)). Let
€ :=e(\) :=1(\)/28 and sub-divide each Q;,1 < i < M, into 28? sub-cubes of edge length
€. Sub-cubes within Hausdorff distance 4e of 8@i are called ‘boundary’ sub-cubes; if a
sub-cube is not a boundary sub-cube then we call it an interior sub-cube. If each bound-
ary sub-cube in ); contains a point from Py, then the geometry of the Voronoi cells with
centres in (); and distant more than 4e from 0Q); is not altered by point configurations
outside Q; (see e.g. [21]).

We assume that z; coincides with the origin and we recall that A C R4~! x (—o0, 0]
so that points near A may be parametrized by a pair in R¥~! x (—o0,0]). By 2(Z1!)
we mean the set of all points in R1 having integer coordinates of even parity. Consider
the sub-cubes Q; having the following properties:

(a) the boundary sub-cubes each contain at least one point from Py,

(b) Px N Bej10o((€], 1€)) consists of a singleton for j € 2(Z471), |j| < 10, or

(b") Px N Bej100((€, €/100)) consists of a singleton for j € 2(Z471), |j| < 10 and also
PrNBc100((€j, —€/100)) consists of a singleton for j = 0 and j € 2(Z4 1) +1, 5] <
10,

(¢c) P puts no other points in Q:.

(We remark that the choice of the constants 28 and 100 is arbitrary and that we could
have used any sufficiently large number.) Events (b) and (b’) happen with the same
probability, which is small but bounded away from zero uniformly in A, since xk = 1.
Re-labelling if necessary, let I := {1,..., K} be the indices of cubes @; having prop-
erties (a)-(c). It is easily checked that the probability a given éi, 1 < i < M, satisfies
property (a) is strictly positive, uniformly in A. This is also true for properties (b)-(c),

showing that
EK = Q\d-D/d), (5.1)

Abusing notation, let Q := Ufil Q; and put Q° := [0,1]¢\ Q. Let Fy be the o-algebra

imsart-bj ver. 2014/10/16 file: TYRev2.tex date: May 1, 2015



Poisson-Voronoi approximation 27

determined by the random set I, the positions of points of P in all boundary sub-cubes,
and the positions of points Py in Q°. Let U;,1 < i < M, be the union of the interior sub-
cubes in Q;. If d = 2, we notice that if (b) happens, then the surface dA, N U; contains
nearly horizontal edges and the total length of these edges is generously bounded above
by 30e. Indeed, if (b) happens, the 11 cells centered at the points in PxN B /100 ((€], —€)),
j € {0,£2,44,...,£10}, contribute to 9(PVy(A4)) a length roughly bounded by the
width of U; plus some negligible corrections. On the other hand, if (') happens then
0A) NU; contains 10 sharp peaks, with abscissas roughly equal to {+1,+3,...,+9}. In
fact, it is easily checked that dAy N U; contains at least 18 ‘long’, nearly vertical edges
of length at least 2e, giving a total edge length of at least 36¢. A similar situation holds
in higher dimensions d > 3. _

Conditional on Fy, H?1(0AxNQ;) has variability Q(e2(4=1)) = Q(A=2+2/) uniformly
in ¢ € I, that is

Var[H4 (04, N Q)| Fa] = QA 214 el (5.2)
By the conditional variance formula,
Var[Sx(A)] = Var[E S\ (A)|Fa]] + E [Var[Sx(A)|Fal]
> E[Var[Sx(4))|FA]]
= E [Var[H? 1 (0A\ N Q) + HI "1 (AN N Q)| F)]] -

Given F), the Poisson-Voronoi mosaic of P, admits variability only inside Q, that is to
say, given Fy, we have HI"1(0A\ N Q°) is constant. Thus

Var[Sy(A)] > E [Var[H? 1 (0Ax\ N Q)| F)]]
=E [Var[) _H(04x N Qi)| Al
icl
=E Y Var[H* ' (94) N Qi) Fal, (5.3)
iel
since, given Fy, H471(0A\ N @l),z € I, are independent. By (5.1) and (5.2), we have
Var[Sy(4)] > c A" 2/AE [K] = Q(A~(d-D/d)

with some finite constant ¢ € (0, 00), concluding the proof that c4 is positive.

Positivity of ¢ and cg. The general idea is to show that configuration (b’) generates
a surface which has more variability (both in terms of complexity and measure) than the
surface generated by configuration (b). The details go as follows. For ¢ € {0,1,...,d—1}
and ¢ € I, put Sp; = (skely(PVx(A))) N U;, noting that I(PVA(A)) NU; = Si—1,
(recall the notation introduced in the discussion around Equation (5.1)). Let S¢;(b) be
the ¢-dimensional skeleton arising from configuration (b) and define Sp;(b’) similarly.
Henceforth without loss of generality we fix ¢ = 1 and write S, for Sp ;. Observe that
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Sa—1(b) consists of a single (d — 1)-dimensional facet f which is nearly a hypercube of
dimension d — 1 (and nearly a horizontal edge when d = 2). Also, Sq_2(b) is the union
of 2(d — 1) faces, each of which is nearly a hypercube of dimension d — 2.

On the other hand, S;_1(b") is the union of (d — 1)-dimensional facets F;,1 < j <
2(d — 1), whose union forms the boundary of a solid hyper-pyramid in R¢ whose base
is a translate, up to a negligible perturbation, of S;—1(b). The boundary of the surface
U?fl_l)Fj is of dimension d — 2 and is the union of 2(d — 1) faces, each of which is nearly
a hypercube of dimension d — 2. In fact, the boundary of the surface U?f{l)Fj is a
translate, also up to a negligible perturbation, of Sy_2(b); we thus denote the boundary

of u?f{ I)Fj by Sq_2(b'). In other words we have that
Sa-1(b) = Sq—2(b) U (int f)
and
2(d—1)
Su_1(b) = 84_s(b') U ( U F\ Sd_Q(b)) .
j=1

Now, S4—2(b) and S’d,g(b’ ) are indistinguishable from the viewpoint of their combinatorial
complexity, as measured by their lower-dimensional skeletons. Moreover, they are nearly
indistinguishable from a measure theoretic point of view, since the H‘-measure of their
{-skeletons nearly coincide (modulo negligible corrections). On the other hand, the open

facet intf differs significantly from U?fl_ Vp i\ S’d,g(b) in terms of both combinatorial

complexity and measure. Indeed, the H*-measure of the ¢-skeleton of the latter (facets
of a pyramid) is strictly larger than the H*-measure of intf (the base of the pyramid).

Likewise, for £ € {0,1,...,d—2}, the single facet int f has no ¢-dimensional faces, whereas
Ui(:df Vp i \Sd,g(b) has a non-zero number of /-dimensional faces. These arguments apply

to all skeletons Sy_1 ;(b), i € I. By following nearly verbatim the arguments showing that
c4 is positive, we get that cg and cg are positive.

Positivity of ¢;o. We have that Cox(Ay) is defined in terms of f;\e)(A), ted{0,1,...,d—
1}, and it suffices to note that configuration (b’) leads to a complexity which is strictly
larger than the complexity arising from configuration (b). We now follow the arguments
that ¢4 is strictly positive. O
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